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l-rftsented at u conference on "'JtlU tac ion of Kducjtional rechnology In the 
rmprovfjmnt of Scienc*^ Educntiofi," L'N'SSCO, Paris, 1,3-16 September 1972 

Scuddnts usQ compute rti In science educ£3tion in twc ways r. they can write 
compurer prograns in order to study compiex .-syanerM and to Iccrn nutterical 
tuchniiuesr and t-h ay can IntgracK w- th odu c:u ional co-iri-^-- jrrjgrams written 
by teachers. The first type of usa Is an wldeapre^id as ^o^!ln.- te-s , T.hile 
the second has baen severely hampered by f.ie lack of eutcable at.chorlng and 
deiivery syateni;?. Our paper concentrates on the lai ter fomi of computer- 
based education and gi-ves exaniples of materials written by biologists, 
cherntsts, marheniaticlans , and physicists for their Ltudsnts. These materials 
reflect diverse teaching styles and stracegiee, including tutoring, simulation 

modeling, and drills, By the variety and conp laxity of these examples wu 
hope to dispel the misconception that t!ie role of the computer is limited to 
•prograt,med instruction" or to the presentation of simple multiple-choice 
questions. 

The problems of computer-based education include: (1) The need for an 
adequate terminal for student use. The common teletype is not adequate in 
science education— a graphica l display terrainal Is required, a device which 
can rapidly display line drawings, iraphs , and pictures. (2) The need for 
adequate computing power. A weak computer may only retrieve stored questions 
and recognize stereotyped responses. To go beyond this simple "teaching 
machine" funccion requires enough compucing power to generate displays and 
problems and to racognize upen-ended responses. (3) it niust be possible 
for good teachers to author materials without requirins the services of 
expert computer proirammers . This implies the nead for a suitable authoring 
ianguag** and system. (4) The cost of computtr-baied education must beco™ 
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far lower than It has been* Typical costs have been sfeveral dollars per hour 
per student, which does not cQmpate vith a human tutor* It was nacessary to 
invent b neij technology in order to inake progress toward eCDnomically viabla 
computex^basad education, 

Oiia aolution to the probleims of cooiputer^based aducatloii is the PLATO IV 
system now baginnlng operation at the University of Illinois* (1) The heart 
of the student terminal is the plasma display panel, d flat sheet of glass 
upon which the computer can light up or turn off any of a quartar=-milllon 
dots (in a 512 by 512 ^rid) to display textp graphs * and line drawings. The 
Computer can select color photographs to be projected on thi back of the 
transparent panel. For technical reasons discussed in the paper , this 
display davlce represents a major advance over previous technology, including 
the cathode-^ray tube* (2) The PLATO system is controlled by a large scientific 
computer iJlth adequate power and spaed to permit the presantation of coraplex 
material* The system responds to student input within a fraction of a second. 
(3) Authors write their oim materials in the TUTOR language^ which is powerful 
yet easy to use* Computing power in the PLATO system is used to aid authors 
in thair creative process* (4) Wlien fully Implemented it is estimated that 
capital and operating costs will be $0,50 per student hour at a terminal* 
Part of the cost reduction is due to a radical restructuring of the way in 
which the computer itself is operatadi in particular, fast electronic memory 
replaces slow raechanical memory for many importMt functions, which laads to 
greatly improved computer utilization. 

Appendices to the paper discuss the contrast between large and small 
coraputer-based education systems and give an eKampie of the use of the TUTOR 
language* 
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"COTputer--based Science Education'* 



Donald Bitzer, Bruce Arne Sherwood, Paul Tenczar 
Computer-'based Mucation Research Laboratory 
UniYersity of niinois, Urbana, Illinois, S180I, U.S.A. 



Computers are bein^ used increasingly in science education, both in 
direct instinictioji and as calculational tools. Science teachers can prepare 
ccmputer^based educational materials with which students interact 3.Z thalr 
own rate, giving the individual student a patient and intelligent tutor 
which can simulate complex phenomena, drill on basic ooncepts, end diagnose 
and treat weaknesses in prepafation or comprehension, Stiidents may write 
their own computer programs and treat problems that transcend the limitations 
of traditional analytic approaches. 

Although computers are used to supplement science elucation in bandreds 
of institutions around the world, in only a few schools and colleges have 
whole courses involved the computer in a major way. Of those ftw projects 
which have given birth to complete computer-based courses^ fever still have 
focussed on the engineering issues of making mass utilisation practicablai 
most projects have rather been directed at exploration and small-sdale 
testing. The PLATO W system^ of the University of Illinois is the ciilmination 
of a major research and developnent effort begun in 1939 leading to a viable 
computer-based education system. More than I5OO hours of computer-based 
educational materials have been prepared on the PLATO system, including 
over 20 one-semester courses in diverse fields. This large curricLaum 
base iriGludes lessons representing all the major types of computer utiligatlan 
and pedagogical styles, and we will use PLATO lesson examplei to illustrate 
the role ink cc-:nt;Uter in science education. 
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The lesson eKaaples which follow will help define what wa mean by 
computer-based educations in particiJlar, wa hope to dispel the miaconc€ption 
that the role of the computer is limited to the preientation of iiniple 
miLltiple-^cholee questions. The lesgon examplee are followed by a dlecuasion 
of the funiMiental problems associated with making oomputer--baied education 
viable. 

The figures which accompany the lesson examples are half--sise photo- 

2 2 - 

graphs of the 21 k 21 cm (8,5 x 8.5 in ) plasma display panel of a student's 

individual PLATO terminal. The plasBia di.:play panel shows orange text and 

graphics on a black background | negatives are showii here for ease of re^ 

production* It is important to bear in mind that each student has hie 

own individual teminal (with display saretn and typewlter keyboard) ani 

that it is highly unlikely that two students would have the saaie picture on 

their screens simultaneously. Indeed, it Is unlikely that two itudents 

woiild experience identical preientations of the lesson , since the computer 

interacts with each student on an Individual basis* 

LESSON BCAMPLES 

Biology 

Simulation techniques are used in a genetics course to teach students 
the laws of inheritance. This computer laboratory allows students to 
conduct a standard series of fruit fly matings. Each student is presented 
with stocks of parent flies to examine* Besides flies with normal 
characteristics^ mutant flies can ^ssess such features as white or pink 
eyes; vestigial or velnless wings; and blacki ebonyj or striped bodies* The 
fliej are not pre-stored pictures but consist of aBsembled parts ^ head, 
eyes^ thorax, wings, md abdomen. Each fly is efficiently coded by a 
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sinsle computer word which specifies the exact type of each body part. This 
is similar to the biological coding of information in genes located on 
c'hromo somes. The computer can construct flies with any combination of noriaal 
and mutant characteristics, Wher the student requests that a mating be 
made, uithin seconds the offspring are displayed* Since most mutant 
jheiracteristicD are receosive, they do not appe^ in the first generation 
offspring. The student can choose some of the first generation flies as 
parento for yet another generation (figure 1), Students maintain a scientific 
logbook of all these experiments so that they can later do statistical tests 
of hypotheses and hand In the results in a formal laboratory report. 

All of the offspring are generated by using random numbers and prob- 
abilities based on the Mendelian laws of inheritance. Thus, this computer 
analog of the real biological system produces thousands of possible outcomes 
and gives each student his own experiment. A series of conventional fruit 
fly experiments takes several months. Culture medium must be prepared, 
bottles sterilised, flies examined at odd hours, etc.. Using the computer, 
a student can perfcrm the basic experiments of Mendelian genetics in 3 to 
h hours' work. This time compression of the experiments makes the logical 
flow of the multi-step process much more comprehensible. In addition, this 
experiment in a conventional course Is almost always performed "cookbook'* 
ytyle sinne not enough time or help is available for the studen". to go his 
own w^y. With the computer, the student can explore various experimental 
strategies, for it takes only ninutes to start over, and help is always 
available. 

The biology lesson Just described is one of thirty-five lessons 
designed to introduce beginning college students to genetics and evolution.^ 
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The students spend k hours a week with the computer, where all lesson material 
ie presented j followed by a 2 hoi^ dlicussion peT*iod with a human teacher. 
Geottetry 

Pattepii ricognitlon is a basic featture of a serlas of 15 lessons 

3 

designed to teach infonnal geometry to Junior high sehool students* 

This course Is designed to give students experience with the facts of 

plane geometry (syimetry properties , definitions ^ etc*) before formal proofs 

are attempted. The students are asked by the canputer to construct specific 

geoBietrlc figures by using a set of 8 Heys to move a cursor around the 

screen (Figure 2). When ready^ the student can request that the computer 

*'judge" his work. Figure 3 demonstrates a typical sequence of the student- 

computer Interaction, It should be evident that sophisticated "Judging" 

algorithms must be used rather than stored answers since the size, orientation , 

and even specific type of figure can be arbitrary. Furthermore ^ when the 

student has an improper figure^ the computer must do more than just tell 

the student his figure is vrong or the student will become frustrated. 

The student's attentioTi mist be directed to specific featm*es of his eonstruc-* 

tion that are inadequate. 

Chemistry 

Dialog with the computer supjiies the student with Information needed 

k 

to identify chemical unknowns in a qualitative analysis lesson * A student- 
computer exchange, in the student's natural language, tends to maximize 
flexibility of app'oach for the student^. Here is an exajiple of a college 
student •s conversation with the computer* (Remember that this dialog 
actually appears on a display screen, not a teletypewriter* In particular, 
the spectra are shown on the screen in color.) 



Student: What color is it, 

PLATO: The sfsJid jg whUe md tho liquid ia Rolorles^. 
Student* Whst m its meiting point 
PLATO; The fnelting point is 
Student: What d^s the nmr look like 

PLATO; Thia is the 60 MHz proton nmr spectrum. For a 
table of chemical shifts, prtsa DATA. (The spec* 
trum is shotrn on the sewn.) 

Student; ir 

PLATO: This k the ir spctrum, (The Irifrared ipectrum la di^^ 

Eisyed on the screen.) 
la the unknown soluble in 
PLATO: PliMi providfc more information 
Student; Is it goiuble in HjS04 

PLATO: The unkno*'n is soluble in cold mm. It. SO,, 
btiident: Elemeiifal AnalvsiH 

PLATO; We can give you tomiIU from n ^talmm fiisinn To 

try it pte'^H LAB. 
8liidurit; V'mic Acid i Jei iviujve 

PLATO; Pleiuefnr«ivu . . Thu njliawnig wurd^ niu NOT In 

my vocabulnr\- ^ pirrir. 
StiuJerit: dfip 

PLATi); The imkrinwnrt;. with a,1-diMirrnphonylhvdriuihP 
^9^^?1"^ Mibstanco ^vjfi, multln^ puiut of 

S tu dm} : \V her e df i t L I ji 1 

PLATO; The boiiin^ poini is lii.5-jOi)° ai TtjO, 

StUfletit; Perinan^ifiiite TV-^f 

PLATO: Tho unknown le^ctn -iu^vly with KMnO. 

fattident: Tin aritl Iff'l ' ' ' 

PLATO: Please furtive . The Imlc words :ire N* )T In 
my vomhuhiiy TirL 

Studont: ToileiH 

PLATO: There In no ron^'tiDfi wltfi Tm1!h/s rrafrc-t 

The unknown 

Sfudent: Acotph^nonn 

PLATO; SP 

Student: AcetonheiHirii^ 

PLATO; f)K 

For a new unknowfi pti'^s NHXT, 



After the student has obtained enough information about the unknown, 
he can attempt an identification (Figure k). Shown Is a student'e misepelled 
but proper identif Ication, The computer recognises that the student's 
ansver is correct but that the spelling Is inadequate. Spelling algorithms 
such as this must be a basic part of any educational computer system for, 
as in this case, if the student were merely told his response is wrong, he 
could easily spend a great deal of time on the wrong track. 

The score shown in Figure h refers to an aspect of the lesson In which 
the student tries to determine the unknown with the least "cost'' in chemical 
and physieal tests. Some tests cost more than others* for exajnple, 
determining the infrared spectruia costs ten polnte while the melting point 
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costs only one point. The chemist who wrote the lesson wanted to encourage 
students to make simple tests before usLrig e^cpensive apparatus such as an 
infrared spectrometer. 

This lesson is not meant to replace the organic chemistry laboratory. 
Rather it is meant to shaj*pen the intellectual process of formulating questions 
and interpreting resiilts before the stadent enters the laboratory, ThuSj 
in a matter of hours, a student can logicalLy identify 5 or 6 unknowns ^- 
often more than the student would identify in a whole semester's work in 
the laboratory. This is Just one of the many chemistry lesson^ totalling 
30 hours taught by computer at the University of Illinois*^ 
Physics 

In an introductory mechanics course s-tudants are asked to partieipate 
actively in the derivation of the basic kineniatica ecLUatlons, In Figure 5a 
the student has given an dgebralcally incorrect expreBsion in one step 
of the derivation: a correct answer is (y. ^ v^)/2m In Figure 5b a simple 
ni^erical axwaple shows the student the inconsistency of his formula. 
This procedure shows the student an importaiLt method for checking the validity 
of an algebraic expression^ and this numerical substitution i; thod permits 
the computer to hanUe appropriately all poislble algebraic responies, 
independent of form. In Figure 5e the student has given a complicated 
but algebraioally correct response and the computer has noted that the response 
is correct but not In the simplest form, Tht& distinction is made on the 
basis of the nmnber of withmetlc operations encountered In the numerical 
evaluation of the student *s expression. As in the preyious examples, it 
can be seen that Judging student responses aleorithm rather than by 
eomparisbn with a list of stored answers gives the student great freedom 
and contributes to heightened interaction, 
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This exaiiiple is drawn from a one-semester computer-based meehanics 

a . 

course m which students spend two hours at the beginning of each week 
studying at a computar terminal. The eomputer introduces baglc concepts, 
treats applications, simulates phenomena^ and tests comprehension. Class- 
room and laboratDry work later in the week build on this solid preparation. 
Mathemat ic s 

An example of the computer as tool is shown in Figure 6. r-he student 

has written a short program to evaluate and plot a ^rametric function^ ^LUi 

an angle ''t" as the varying parameter. An attempt has been made to keep 
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the computing language as close to standard algebra as possible to avoid 
inconsisteneies with the natural language of direct Instruction, 

(The most extensive and successful integration into education of the 
computer as tool has taken place at Dartmouth Collage, Hanover, New HaraFghire 
where nearly all students, including non-science students, write computer 
programs as an integral part of their studies and recreat ion^^, ) 
PrQ^ramminq by Children 

Young children can be taught the basic elemente of pro^ajming, Pirst, 
a series of games teaches the child a set of operations which can be carried 
out by a little man on the screen. In Figure 7a the child has TOlktd the 
man, one step at a time, through a maze^ in Figure Tb the child learns how 
to pick up a ball, carry it, and put it down. (A set of 8 keys on the key^ 
board move the man one step in the 8 basic compass directions* The "plus" 
key picks up a ball and the ''minus" key puts it down.) After learning the 
basic operations, the child can write a list of operations for the man to 
carry out, as In Figure 8, and watch the man follow instructions.^^ An 



^8^ 

ittjor^aftt &ipeet of tliis ex^iiclia is tbat the ean write m inconsistent 

irogr^^ r^Gtiv© la es'foa* message sueh as *-Mer^ fio ball here to 
pick -upl " The ctoild ©o-iays gtiria^ directions tc t Je iiafi, and be sees the 

PeiBtitlv^ loops ^ tfct cowejt fiii opera^ioBj ^tc «• 
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HROBLMS Am SOLUTIONS 
By example we have defined what w mun by coinpiiter^tisad <edaca^iorJ. 
Mw it la appropriate to ask what are the basie probleroi in ifche fi€ia 
of computer-baied education. 

Many difficulties have reitricted the appaieation of ocmputera in 
education* Educational computer systems have been too €3cpinpiv& for vld«* 
scale use. Th^; IMltations of many esclstlng Bystem hanre in eo^^e adiicatloml 
circles caused '-computer-assisted instruction" to he identified n^ith jiare 
znultiple-choice testing or simple drill, (Ve use the tem "ooiap^ter^^as^d 
education*' in the hope of avoiding thts ideritiflcatlon. ) The aiithorl^g ^f 
computer-based lessons often has been Yery difficult , requiring the servJc&s 
of computer prcgrOTBiing experts; teachers find themielvai shutout of 
participation in structuring their courses* will dlseusa ^hese and othei 
problems facing computer-basM education » then report on progress beiiii 
made in solving these problems , 
Display 

The physical form of oommunication "between computtr and etudent^ or 
betveen eoniputar and teacher ^ is fundwnental to all other queations , In 
most cases, the student's communloatlons device { "terminal") be^n somt 
kind of alphaxiumeric display^ usually a teletypewriter, mile adeinate' 
for some special pi^poiesp its slowness, limited character se-t| n<^im%^ 
and near inability to draw graphs and dlagrains laaKe it a poor Mdlusi for %m 
full tdueatlonal message, Uhe expanded eapahllltles of a fait grsphlo^l ' 
display device are almost mandatory for most tducatloml puspomB s eip^eifilly 
in science education. Such devices have in the past bien very ixrensive, but 
new technology is rapidly changing this situation* Ideally, the student 'J 
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taminai sho-uld pernio photographic iaage projaction, two-vajr voice eos- 
ffiUnleatiaa, joliiter iiipiiti, etc«| In order to flilly engage ai ms^ sensei 

poipibXa^-^riiiaal^ auditory ^ taotlle. At eone point , eeononie eonsidfratlons 
f&fQm eca^ocilec with thai Ideal^ but the taiic prlnaljle should be kept in 
mind : «4iiQa^ioB H ejctraordlnarlly diffleiilt humaft anttrprlsei and it 
r^^uira^ a *^a^ibM a^d ^werful medium* 
Cgmputlfig Povar 

Toe often th^^a Sas bean a nMrov conceptloa of tha role of the computer 
Itself in "ooiputer^a^iisted inBtructlDn". The eomputar ii thoiight ef ai a 
iflinox* ecata^ol eltiaent * chODalng and relayli^ eiientlmlljr statiQ Inforaatlon 

the ^tu4arit and di^tlngulihing mong a fm itandardlsed replies froin the 
s-&u4ant • Tor such puJpoaae a small or veak coaputer li euffleient. But 
t^f ESora g€nam3 pi^poses, aipeclally in science eduaatton, a p^arful 
aamputex' is reqiJir^d *o generate (rather than merely retrieve) material for 
tW student and to pr^seei open-ended itudent repliee and queetloiis* Hov 

s%ach po"wer tc be paid for? Evidently it auet "be shared among a larga 
niJJnbar of mmvB ; aev mye of organising such large lyiteas have no^ made 
this ftastt)le and ecoiiDmioal* There is a hint here of the advantages ©f a 
l&rga sj^stcm over a stfiall systesii We return to this point in detail in 

Appefidi^c A * 
Agthoririg 

foT a QpffiputeJ^beiied educational system to be viable and to te accepted 
bjr tht eduea-bional coipiunltyi it siust be relativtly easy for good teachers 
to eraa-bi eomputer-based lesson Materials , Having a pow^erful rather than a 
weak computer at tlii toiart of the system makes it poseible for the eystem 
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to help rather than hinder lesson authors in their creative wark^ ftuality 
improyes and eosts drop by ellmnatlng prQgrajamers iiid by placing the author 
in direct control of his mediuBi^ In order to achieve this close coupling to 
authors, it is necessarjr to create & auitahle author language and authoring 
eriv^ironment vhich strongly mlnlnize the need fci^ epcf:lal compiiter taiovladge. 
The ideal is to make the sysheai transparent and respoaai^e to the author 
as veil ae to the studeiit. 
Coat 

Another critical issue is cost, ^e use of GomputerB in dire.-t lii^ 
itr^etion will be poseible on a wide scale only if this Is eeonmioiily 
feaaihle, no matter how p-eat may the supj^sed heneflts. Typical costs 
of educational computer systems have been about five to ten dollars per 
stu4ent contact hour, whloh is adequate to hire a good prtvate tutor, A 
cost reduction of a factor of ten Is required to aiaka it faaaitlt to use 
coinputeri in educationp It is crucial that overall computer system costs 
be driven as lov as posilblei vhile yet implementing enough pover and 
flexibility to be useful* These conflicting retuirTOents haire forced the 
invention and develo|ment of completely new technologiei. Contrary to much 
lay and professional helief, the computer teehnolo^ of the IpfiO'a was 
incajable of vldes^ead educational appllcationi the coits vere too high^ 
everi for rather primitive systems. The new technologies iaolude a radically 
different display device for the terminal , unique ttlecomuniaatlons ^ and a 
drastic restructuring of the computer's softrare to refleet the Interactlva 
educational environment . 
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soLiraroHS 

We hava diseuised some of the uaiic p;.^otlems which have iiAlbited 
t/idespread Application of oomputeri in elucation, Next wa viH discuss 
the ways in which these prohltms have been faced In a pwtioular easa™* 
the PLATO IV computer-based education eystem of the Univeriity of Ullnols. 
Display 

In the introduetion of this article ve gave examples of computer-tesed 
tducatlonal materials . They vere prodUQed on the PLATO IV aysteiLt and the 

figures are photographs of the student's display soreerit which Is a flat 

12 . _ 

plasnia display panel \ not a televltion tube. Some disQuealon of thii 

device is necessary to explain the nature of the student teimln&l. Thm 
plasma panel is a crucial element in making feasible a sufficiently flexible 
coimunicat ions medium. 

Until recently^ the cathode ray tube was normally used far digplayljig 
ccniputer^generated graphical and pictorial Infonaation to the itudent* 
Beeauae a cathode ray tube must be refreshed thirty times per steond to 
maintain the image without objectionable flicker 3 an expenslvft exteriial 
memory device Is required in addition to the television apparatua itself* 
(In the case of home television the image li sustained by tha broad-band 
vidao channel transniltted continuously froni the television station. For 
Individualized use the memory device must be near the display unit , sinoe 
aEsignlng a video communications channel to each user is prohibitively 
expensive* ) Th© "storage" cathode ray tube is a television tube with built- 
in meinory due to the speeial electrostatic properties of its faeeplatt* 
This device is better suited to compUwtr-baBed education^ for the computer 
need transmit the graphical information only once and no refreshing is 
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required. However, the atorage television tube doti have drawbacks • One 
major problem is the difficulty of performing a ieLective erase of a BtmlX 
portion of the diaplay without disturbing the rest of the picture. Seleatlve 
erase is necessary for many aspects of coaputer--tased adueatioiij including 
erasing and retyping pait of an answer, and in aniaated sequences perfomed 
by drawing a figi^e, fusing, eraeing the flgitt'e, and redrawing it eliewtoere 
on the ecraen to give the impreseion of motion. Other ^oblems inelude the 
long period required to emee the entire eereen^ the need for ^aquetit 
maintenance adjustmenti, and the impractlcallty of euperiaposing photo^aphic 
information on the screen • 

The plasma display panel wae Invented at the University of Illinois to 
solve these problatts. Its memory is at the display unit, inherent to the 
panel. It permits the selective erase of even a single dot without 
disturbing the rest of the pictwe. The display is bright ^ with high 
contrasts and free of flicker or fading. The panel consists of two sheets of 
glass on which are deposited 512 horizontal and 512 vertical conductors (the 
conductore are traniparent ) * Neon gas between the hcrizontal and vertical 
conductors can be made to glow as bright dots at the intersections of the 
5L2 by 512 grid of oonductors* (The resolution Is 2.U dots/imii *) The 
simple itructura lefnds itself to low-cost mass production* I'he organisation 
into a 51&C512 grid of dots is Ideally suited to tddraising by a digital 
computer, Tha plasma panel makes posslblai at lov cost^ graphical display 
capabllltlas that formerly were availabla only at prohibitive expense . 
Moreover^ the slmpliaity of the device maJcas possible additional econoalta 
in the design and operation of the telecoimnunicatlons and of the computer 
yo ft vara. 
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BecaiiBt it is flat and trans^rent^ the plasna panel cm support a 
rear projection screen for color glidei or moviei, seleeted and driven 
undtr aottputer control, vith eonputer-generated text and ^aphlcs super* 
imposed on the plaena panel « This unique oaaiblnation adds &n Important 
dimeiisloii to oomputer^baied eduaation. For exasi^e, the eoiaputer aan seleot 
a full^eolor slide of the himan hwrt for a madloal student i than super-* 
impose pointers or animated flow nwkere on the pla^ia pwial to Illustrate 
dynmiloally the complex action of the organ, Nate that transplttln^ Qolor 
photographe from the computer VQUld naJce comunieationa f rfcreaely expensive. 
We do not show an example of a euperimjOied oolor photo^a^ in thli article 
beeauae of the difficulty of riproduatlon* 

With this explanation of the display device, it is useful to look 
again at the photographs of the fruit flies and of the geometry lesson* 
Note that the usual optical distortions of television are completely atsent*- 
the flat display panel with its evenly spaced grid gives a display ftfee of 
distortion or Jitter, The resolution is so fine that a vlevar is unaware 
that the text and graphics are aotually eonposed of individual dots* 

The fruit fly picture illustrates another important aspeot related 
to the syabols needed for education t In addition to the standard upper- 
and lover-case letters, niimhers^ punctuation marks, etc., lessons In some 
suhject areas require a rather large eet of additional spabole , For example, 
when teaching Russian, the CjfTillie chiu'acter set is needed* Khen teaching 
physics much of the Greek alphabet plus matheMtical symhols mmy be needed* 
The fruit flies are drawn as appropriately positioned symbols*^ — right wings, 
left vlnga, eyes, etc.. This display mode is many times fasttr than dravlng 
the flies one point at a time. At the beginning of the student sesfilon the 
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comput^ir transmits the required special symbol patterns to the terminal"- 
Russiani Greeks or fruit fly partg— and thereafter the coaputer need oiay 
specify vhich symbols to plot at %fhat screen poeitions* rhe PLATO terminal 
writee l80 syrobols per second^ each symbol coniistlng of an 8xl6 grid of 
dote. Similarly, the PLATO IV terminal has enough intelligenoe to draw the 
many dots comprising the lines in the geometry leeson simply from endpoint 

specifications sent by the computer, at the rate of 60 conneettd lines per 

^ ^ 13 
second. 

There ie much more of a technloal nature that eould said concerning 
the natiire of a student terminal useful in education^ but hopefully the 
heredity and geometry examples illuitrate the baste point i for educational 
purposes a sophisticated terminal is required, As an exercise, imagine 
transferring the pedagogical approach of these two examplee to a system 
with typewriter teminals. It would be Impossible to preserve the esiential 
aspects of these educational materials, proof that the nature of the student 
tenainal largely determinei the poseible pedagogioal approaches, 

The effect of the type of terminal on the ran^e of gducationsl 
possibilities has been too often undereitimated . We have seen Interesting 
pedagogy created following the introduction of each new terminal capability* 
Other devices under development that have already generated unustml lesson 
material are a random-access audio device and a touch-panel that pemits 
the completer to recognise where the student Is i^oliiting at the display screen* 
In recognition of our present ignorance of what may prove to be valuable in 
the future* the PLATO IV teminal has extra input and output connectors for 
easy attachment of new devicf?s* 
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Computing power 

The nted for computing power is well illustrated by the intro4uctory 
exaffipieip The fruit flies are geaeratad raixdsolys following the atatlstieal 
lavs of inheritance* No two students will experience the eaaa reeults, 
except in the statistical sense « It is the biological algorithm of Mendalian 
genetics that is programied* The algorlthiai of the geoaetry lea son involve 
miioh cDmputation to achieve the accurate pattern recognition of the student's 
open-ended geometrical response. Understanding the cheolstry student's 
free*form questions requires organized searches of a rather large data base of 
vQcabi^ary words and basic concepts. All of these aspects of computer-based' 
education require a powerful computer, as opposed to the meager computing 
requirements for simple multiple-choice materials. Because the memory banks 
and other non-nomputatlonal parts of a computer system cCTiprise a major 
portion of the total systOT and are similar in cost whether the computational 
unit is powerful or weak, a weak system can easily be more expensive than a 
powerful system. The weak system may be capable only of smple programmed 
Instruction or m\iltiple-choice testing which can be done much more cheaply 
with books and other media. Only a powerftil system can, through its enhanced 
capabilities, justify its cost. 
Authoring 

The ft*uit fly lesson was written by a biologist, the geometry lesson 
by a riathematician, and the lesson on qualitative organic chemistry by a 
chemist. These authors were able to create these eophisticated materiale on 
their own, .without the aid of p'ograraners. This relates directly to the 
need for strong computing power in the system to lift much of the prograiTaning 
burden from the lesson author, yet place the author in direct control of the medium. 
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One of the major taske in building the ^uit fly lesion vae the 
generation of the apeoial charactere used to aii^hle a picture of a 
fruit fly, ^e biologist drew the aharaattrs aireetly on the screen , then 
ueed these eharaoters in hii lessoa* To ereatg the dialog leisonp the 
chemist conitrueted a list of the relevant vocabulary wordi^ stated word 
synonymy^ listed the basic concepts * and listed the corresponding responses. 
The system took care of transfoming the wide range of student responies 
into forms which would mteh the basic eoneepti and yield an appropriate 
response* The matheEatielan's task was facilitated by powerful calculational 
capabilities easily aceeselble in the system for performing his pattern 
recognition task, kll three authors benefitted ^eatly from the system's 
responsiveness^ for they could switch in a few seconds from authoring the 
lesson to testing it a "student then back to writing and correcting it. 
This speed of transition Is enor«.ously useful in lesson creation. 

All of the HiATO materials are written In the TUTOR langimge which Is 
Epecially designed to facilitate the creation of computer-based lessons 
utilizing graphical display terminals. We give an. example of TUTOR 
prograiTOing in Appendix B. 
Cost 

We have already discussed two important factors which influence eosti 
the plasma panel makes possible an inexpenaive p'aphlcal digplayi and an 
appropriate authoring procedure enables authors to create their own materials. 
Another major cost area is the computer itself ^ and it is appropriate to 
discuss briefly the novel computer utilization in the PLATO system. 

A "time-sharing"' computer^ which seems to service many ueers simultaneous 
actually serves only one user at a time. The eomputer services a user for a 
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few thouiandths of a second. If the computtr manages to finish its work for 
all th« users within a fraction of a eecond, each user hag the illusion of 
cottplete aontrQl of the machine* In going from one user to another , the 
Qomputer must save the first usar's progrtm and statue and load the ieoond 
user's prograBi and statue. This procedure is called "swapping". The 
ewapplng of prop'ras and status t^es place hetween the computer 's hlgh-ipeed 
memory banks and a mechanical , rotating disk or drmn of ffiagnetia raeording 
material. Unfortunately ^ the aeahanical epeed of these devices is extrTOely 
slow dompttred irlth the electronic speed of the computer, a© that the swapping 
procedwe InirolveB a heavy overhead, ^e compter Is frequently either 
waiting for a pro^aa to work en or involved In the dlffleult decision of 
whether to swap or what to swap in order to maxiaize its overall efficiency. 
As a result such systems tend to have high computer costs hecauie the computer 
is doing useful vrork only a fraction of the time. To put It another way, 
tha Qomputer ean handle only small nimhers of simultaneous users and the 
coat per user is proportionately hi^. Moreover , coaputer-'baitd educational 
materials administered by such a iystem tend to he of a simplistic frame- 
presentation nature, because the constraints of a slow sTOpplng procedm'e 
retiuire that the nmterial be organised in a linew sequence of very short 
le^ments. This is a severe iimitatloni richness of cross-connictions is 
needed to provide quality materials* 

One obviouB solution woi^d be to keep the itudents * lessons and 
Individual status Information in the computer's memory and avoid sapping. 
This has almost nevar been done because even auxiliary bulk computer memory 
is far more axpensive than disk or drum memory. PLATO etarted from the 
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premise that this echeme should neverthelesg used to mproYe qimlity and 
to improve computer iitillEation, It is overall perforaiance that raattarst and 
increased memory eosts are offset "by the elimination of the hl^ BWB,pp±uB 
overhead^ with draetic improvement in ^mllty* Whil© a student on the PLATO 
system studies hii lesson no swapping to disk or drim ocoursi th# swapping 
is to a apeoial auxiliary computer memory of extr^ely high speed (the Control 
Data Corporation "Bctended Core Storage"), To maxlmlEe the usefuineai of 
this memory, lessons are shared, nth only one oopy of a lesson in the memory 
no matter how many students are studying it, (In dlsk-sTOpping systeM^ 
students usually have to have their own Qopy of the lesson^ as well as 
their individual status in that lessons ) 

Because the entire lesson is available, corresponding to one or two 
hours of student study* PLATO lessons usually are quite complex in the 
interconneetlona of their parts and rarely reseable the frMe-by-*frame 
quastlon-and^nswar format so prevalent in the field of computers-assisted 
Instruction. Again we see that, as with the type of terminal^ the system 
design has important hearing Qn the ^ stylep of possible pedagoCT * This 
point has heen systematidally ignored hy too imi^ researahera ^o have 
thought that questions of system design were minor com^red to pedagogical 
questions I not resLli^ing that the limitations of their systems were distorting 
their reaearoh results. Only If the system is iuffielently powerful as to 
pose few constraints on possible educational approaches do the details 
of the system cease to matter. 

The res^t of this restrueturlng of the canputer utilisation In the 
HjATO system is that the computer ceases to be the most expensive part of the 
computer-hased educational system, hecause a large computer can now run 
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hundreds of terminals rather than tens of teroinals. This ordtr-of*magnltude 

improvtment is due mainly to the elimination of iTOpping, hut is partly due 

to the aiiapllclty of the plasm panel taralnals and asiociated teleCQMunleatiens 

equi^ent. For a discussion of oyerall goats , iee the artleles of Referanoa 1. 

Total oostB including capital and operating coets are estimated at about 

$0.50 per etudent hour at a teminal. 
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SUGGESTED MIMJINGS 



There recently appeared a two-part article by scienee reporter Allan 
Hammond on the present state of computer-^baied education in the United States,^" 
It discuises the range of uses of computers In education and the currant large- 
scale projecti funded by the National Science Foundation, 

Dartmouth College has been active in the computational use of computers in 
education and is the nucleus of a large network of aehools and collegea engaged 
in these activities and utilizing the Dartmouth computer syitem, (See Reference 10. 

An important canter in Europe, directed by Yves Le Cor re, is the "Ordinateur 
pour Etudlants"-*-^ of the University of Paris s where there has been work in 
physics and in biology* 

The Physics Curriculum Development Project^^ directed by Alfred Bork at the 
University of Califomias Irvine, has produced a considerable body of material in 
physics. Both direct instruction and computing have bean introduced into physics 
courses at Irvine. 

A group led by Wallace Feurzeig at Bolt Beranek and Newman, Cambridge, 
Massachusetts, has created the LOGO language for cofflpuCational applications that 
need not be of a numerical nature. This group and several other groups, including 
one led by Seymour Fappert at the Massachusetts Institute of Technology, have had 

students of various ages, including young children and college students, write 

IB 

LOGO programs to study mathematica and prob lam-solving, . . 

There exists a voluminous literature on^computers in education, but the 
field changes so rapidly that publications earlier than 1969 tend to be of little 
use now. The utilization of computers in education is almost as widespread as 
computers themselves, so we have cited only some representative projects whose 
size and comniittment have permitted the creation of slgntficant quantities of 
curriculum materials^ €% f% 
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Large System vs, Smll System 



There has been much discuesion of the merits of large vereus small 
computer-based eduoatlon syetCTS. As proponents of the large-system 
eoncept. It may be helpful to discuss our reasoning on this matter. 

It should firit be made clear that we are not talking about the question 
of *-centralization" versus "deeentraliMtlon which is eisentlally a 
different question. If a student or author has the full power of a large 
system available at asy terminal^ vhether ne^ or far from a large computer, 
that system is decentralised as far the us^ is concerned. Conversely, 
if a part of the authoring procags for a small system must be carried out in 
a different place ^ on a special authoring computer systeffij then a critical part 
of the operation of the small system is inconveniently centralised. 

Years of detailed data collection on the PLATO III system show that 
average processing and Information transfer requirements for a student 
are remarkably independent of what subject he is studying, the method of 
presentation, his age, etc.. For axianple^ an elementi^y-school student 
working on a simple drill goes through material rapidly but this mterial 
requires little processing or display for each Interaction, On the other 
hand, a college student studying complex scientific material thinks a long 
time between interactions^ but this material requires a gtemt deal of 
processing and display generation for each Interaction, The product of 
interaction rate and COTiputer processing or display requirements per 
interaction turns out to be appfoxlmately the same In both cases « To be 
sptaifie, averages of approximately 1000 computer proeesslng operations 
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per second and about 15 displayed characters per second 150 words per 

minute) characterise our findings. Since the PLATO III system is oharacterized 

hy proceising and display rates of over twenty times these average rates, 

the observed average requirementB presiMably reflect physiological constrainti. 

In the design of a viable system these averages are not the whole 

story* the peak requirements etre Just as important* The iclenee student, 

on the average, thinks for a long time between interactions, but the system 

must respond instantly so that the student can continue his line of 

reasoning without interruption* It would be disastrous to force the student 

to wait a long time for the reply. There is therefore an enormous difference 

between the average and peak rates. Without going into the details of "queueing 

theory," it should be clear that only a large system has the neeesiary 

reserve power to work rapidly through the huge peak requirements represented 

by the science student -s interactions. Also, statistical fluctuations 

in the number of students simultaneously requiring service become less. 

and less damaging to system responsiveness the larger the system. Roughly 

speaking, if N interactions per second are euitiolpated, the number observed 

will be N*/N ^ N(1± ^ ) due to Poisson statistics | the probability of 

/N _ 

overload conditions scales like 1//n * These factors favor the. large system. 

An advantage of a large system that is difficult to quantify is that 
one large computer can perform much more complex tasks than can a group 
of small computers of comparable aggregate power- Free-'form dialog, 
complicated display generationi rapid extensive calculations, powerful 
authoring procedia*ea*'— all of these are essentially out of the reach of 
the small computer. The reason for this is rather subtle, A time-sharing 



computer services only one user at a time. During the fraction of a second 
that the computer is working for an Individual user, all of it^ basic resources 
are devoted to him.- fast memory^ processing unit, data transfer channels ^ 
etc^. The more powerfiil are these resources 5 the more sophisticated will be 
the service. For examples a large fast memory with high-speed transfer 
from bulk memory permits operations on a large data base of vocabulary for 
natural-language dialogs* Unlike the swapping medium (bulk computer moi.ury 
oz^ disk memory) whose total cost is proportional to the number of users (each 
of whom needs some average bulk memory allocation) > the basic co^uter resources 
used during the actual fractional-second processing are not^ duplicated for 
each user . The larger the number of users of the system^ the more can he 
paid for basic computer resources to permit more and more sophisticated 
processing. With a small mmhm of users 5 a weak processor with small 
ajnounts of fast memory and Inadequate transfer capabilities is all that can 
be paid for, at the sajne cost per user as will buy much more capability 
in a large syst«n. (One might object that the cost of the central processor 
is proportional to the number of users and their required niunber of operations 
per second* However, the more expensive processors have added capabilities 
as well as increased speed, so processing requirements do not scale linearly. 
Also, the processor usually represents only about 10% of the total system cost.) 

There are therefore two related but different reasons why many PLATO 
eapabilitles ooij.d not be duplicated In systems designed to serve a small 
number of terminals. One is that the peak demand by a student may take 
an unaeceptably long time to process (and cause queuing problems for other 
students )s and the other is that the basic resources may be inadequate to 
perform some tasks at all (insufficient memory to manipulate a data base, etc*). 
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Within a factor of two or three, the management and atolnistration of 
a lajTge system is comparable in cost to that of a small system* In- 
evitably there is a directors an assistant director ^ some coi^uter opsrators, 
etc* 5 whether the system is large or small. This malies the management of 
multiple small systems expensive * 

There is no way to make mny small computers temporwily look like a 
large computer in order to carry out heavy computational tasks , such as 
sophisticated analysis of educational data gathered by the system. A large 
system can handle both the student interactions and st^dard computing 
Jobs as well. The processing of standard administrative and research 
computing Jobs helps pay for the system^ whereas a small system incapable 
of this performance is purely an add-on expense, A related point is that 
the management and distribution of a large data base of curriculum materials 
is best handled by centralizing the storage of these materials. This permits 
teachers to monitor students' performance at a distance and asiures that 
lesson material can be updated for all students 5 everywhere in the network. 
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Fig* 1) Fruit fly genetics . ^me of the 
offspring have white ayes and/or vestigial 
wings not seen in the parents^ The student 
records the ohserved charaaterlitics in 
his notehoo^* 
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Fig, 2) Drawing a gaomatrloal figure* The 
student movee a oureor and marks vertices to 
construct the figure* The computer showi the 
student that his figure is inoorrect 'by 
drawing the four syMietry lines. 
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Geocil Vgup fl^r« has wm^tty liTtm i^i hot 



t%il fl^Hi ^ >Gy Ifvinq t© fool m«? 



a 



4oN a qusd^^l lethal tuiith only ttfo linm of 

^^ttelry thAt qo ihroyqh i^tloM, 




Pig* 3) Conetruotlng preseritad figures. 
After suceeedlng In the first problOT the 
computer ohooaes an ap^opriate second ja'cb. 
1«Q, the itudent then Incorreotly draws 
a figure of the iaae tjrpi before finally 
eonBtructii^ the deBlred rhomhUi* Note 
that the eomputer la ablt to olaaelfir the 
figures Independent of size, shape ^ or 
orientation. 
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Fig* 4) Quriltative organic analysli. The 
student has coireotly identifi^ the com- 
pound but has made a spelling exror. The 
BGOre meaaiweB the etudent*! efflcienay 
ty charging tor oheffiioal tastB performed 
Qti a seale eoDQmanaurate with the expenBe 
of the test in the laboratory* 
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If %hm m^om\m^%i9n la ^^ml^l, the svirmfs 

of thi ItillUl MOl^lty M| mm the final ^lo€£ty 



0 •• ^ Cwf-y|i/t m 



0©neid«r m omr that ap«9di imih e^tmnt 

^rin^ this ^minq mmuv^, 
0 « ^ 73 tpm 
Rtqht, but foiHRiU ^l^a 



If th# Aceel^rati^n l» aonfttent. tha avoro^ 
valoetty 0 bm yrltt^ a» a funet lort 

of tht Initial v^iesSty v»| 1^ flH^I ^lo^tty 
. Urlto an m^fmmi&rt liiMOlulFiq V| and w^^ 

0 - ^ (vj^-W|^S/a(v£-Wj5 ok 
FlTia, aiiPplar ferw is <y|*v*)^t 



Fig, 5) Kinopiatice fomulas. The etudent 
Is ehown exifflple why his fomula is 
inv^ld. He then givee a valid ^prasalon 
ajid the aomputer points out a simmer 
form, Thesa judgments are made "by 
algorltlmp not ^y searching lists of possible 
answers . 
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FNm tnOC to #i«tfi up seroar). 
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Fig, 6) student prograismiiig, A mathOTaties 
student writes a program to plot a polar 
iHinction. The angle is "t'^ On a 
eepwate display page the student specified 
the plotting variables and their bounds 
and initialised a ^ ,75s k ^ I.5, Md 
V " 5. 
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aarc ou^ to hei 



eut d^n't ajHP 

into th« li^^ 




I. 



□ □ 



tiMi * PUm « My U pl^ ^ th« bail 



Fig* 7) GOTee ItMlng to pro^aiming by 
children* The child TOlked the man through 
the ma^e stE^ting from the lover left 
corner of the ina^e. Next the child learns 
to pick up a ^Bll and carry it Into the 
house. 
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Fig. 8) Progranmlng by chUdteii. The 
program is built using operations iaarned 
in pravioui games. The child watches as 
the man carries out the list of Instructions. 
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Appendix B 



The TUTOR Language 



All PLATO materials are written in the TUTOR author 
languagei which was originated by Paul Tenozar In 1968* Fig* 9 
gives a simple example of TUTOR programnilns and Its use by a 
student. Note that the lesson author did not list "trlngle" 
as a possible ralSBpelllng of '*tt^langle"* the misspelling was 
detected by the algorithms of the TUTOR "answer" Gommand. 
In addition to the simple display and Judging commajida lllus^ated 
here^ lUTOR has a large repertoire of display^ Judging^ oalculatlona: 
and branching capabilities whloh raa^es possltil© the complex 
lesson examples deecrlbed earlier In this article* Beoause TOTOR 
Is a full language, not a format for administering standardized 
ItemSj authors are not restricted to a particular pedagogical 
strategy or preBentatlon mode* (in fact, some authors have even 
constructed TUTOR lessons which administer standardized Items 
dravm from a structured data basei so this capability Is also 
available.) 



^T£&ifp\m a Tl^W l^&oft unit 



ScF^ari ^ordlnat«s qiven b^lou r«fer to a o^rse 

1940 r^f#T|« to tho i§lh lirm tr&n the topi^t the s^re^n, 
th0 40th from th« l«ft Ih&r^ is &lso 

A tinm^^id aoerdlnAt« «yflbtM 3it by sii dots, with 
origin At tH9 l otiiar luft aormr of the mmr^mti. 





* 





Fig, 9) The TUTOR author languages a lesson 
unit and how it looks to the student. In 
the '^answer" conmand the words -^it," 
"is 5" and "a" are specified to be unim- 
portant p and ^-right" and "rf - are to be 
considered synonyms* THe reply to the 
student is much more than a simple ''no"— — 
the word "lovely" is crossed out, the 
raisspelling is underlined , and the word 
^"right" belongs to the left. 




